Hyperspectral thermal infrared sounders enable us to grasp the global behavior of minor atmospheric constituents. 10 Ammonia, which imparts large impacts on the atmospheric environment by reacting with other species, is one of them. In this work, we present an ammonia retrieval system that we developed for the Greenhouse Gases Observing Satellite (GOSAT) and the estimates of global atmospheric ammonia concentrations that we derived from 2009 to 2014. The horizontal distributions of the seasonal columnar ammonia concentrations represent significantly high concentrations stemming from six anthropogenic emission source areas and four biomass burning ones. The monthly mean time series of these sites were 15 investigated, and their seasonality was clearly revealed. A comparison with the Infrared Atmospheric Sounding Interferometer (IASI) ammonia product showed a good agreement spatially and seasonally, though there are some differences in detail. The values from GOSAT tend to be slightly larger than those from the IASI for low concentrations, especially in spring and summer.
960 and 969 cm −1 was utilized for the retrievals because the band near 930 cm −1 overlapped with those of the other species. 20
The ammonia retrieval algorithm is based on the nonlinear optimal estimation (Rodgers, 2000) with the Gauss-Newton iteration represented as the following equation:
where is the state vector, and are the covariance matrices for a priori and measurements, respectively, is the Jacobian matrix, is the measurement vector, ( ) is the forward model vector, and the subscripts and denote the number 25 of iterations and a priori value, respectively. In this study, the shape of the ammonia mixing ratio profile follows that of the Air Force Geophysics Laboratory (AFGL) atmospheric constituent profiles (Anderson et al., 1986) from which the scaling factor for the profile was retrieved. The standard deviations of the a priori and the measured spectra for ammonia retrievals were assumed to be 20 and 0.3 K, respectively. The ammonia profile of the AFGL profiles and the column averaging kernel for the a priori is shown in Figure 2 . If the retrieved scaling factor is negative, the column amount will be recognized as zero . 30 The ammonia profile was scaled using the retrieved scaling factor and converted to a column-integrated mass concentration with the unit of mg/m 2 . The value for the AFGL profile corresponds to approximately 1.325 mg/m 2 . Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019-49 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 30 April 2019 c Author(s) 2019. CC BY 4.0 License.
Since temperature and water vapor profiles significantly affect the ammonia retrieval results, they should be considered appropriately. In this study, they are retrieved from the measured spectra in advance of the ammonia retrievals. The retrievals are performed sequentially according to Table 1 . The a priori information of temperature and water vapor is estimated from linear temporal and spatial interpolations of the Grid Point Value (GPV) of Global Spectral Model (GSM) products provided by the Japan Meteorological Agency. The GPV (GSM) data are provided for four times per day and have a spatial resolution 5 of 21 layers vertically and 0.5° × 0.5° grids horizontally. The profiles of CO2 and CH4 were obtained from the NIES transport model . In each retrieval step, the surface temperature was retrieved simultaneously. Surface emissivity was inferred from the Advanced Spaceborne Thermal Emission and Reflection Radiometer Spectral Library (Baldridge et al., 2009) for the land cover types obtained from the MODIS land cover products for each scan (Friedl et al., 2010) based on the International Geosphere-Biosphere Programme land cover classification. 10
Results

Ammonia hotspots and their sources
The horizontal distributions of the columnar ammonia concentrations obtained from the GOSAT within 2.5° × 2.5° grids for each season (December to February, DJF; March to May, MAM; June to August, JJA; September to November, SON) are 15 shown in Figure 3 . The horizontal distribution of hotspots and their seasonal variations are clearly seen in this figure. The values were high in the spring and summer seasons across most of the areas. In Figure 3 , significantly high values were observed above several areas such as India, Eastern China, and central Africa. Figure 4 shows the averaged errors with in each grid. The values were excluded when the estimated concentrations were negative. The errors are almost 1.0 to 2.0 [mg/m 2 ].
The highconcentration areas are highlighted in Figure 5 and are listed in Table 2 . The distribution of these hotspots is quite 20 similar to those previously reported using the IASI (Van Damme et al., 2015) and AIRS (Warner et al., 2016) . The largest values were observed in Northern India. In this area, the values were high throughout the year and were more than 10 mg/m 2 during JJA. Figure 6 denotes the distributions of the anthropogenic ammonia emissions obtained from the Emission Database for Global Atmospheric Research-Hemispheric Transport of Air Pollution (EDGAR-HTAP) (Janssens-Maenhout et al., 2012) version 2 and GFED4.1s. According to these figures, anthropogenic emissions predominate in India. This area is known to be 25 the strongest anthropogenic ammonia emission source in the world, stemming from agricultural activities, such as livestock and fertilizer applications. The high concentrations also observed in ECH, CUS, and EUR during MAM and JJA are similarly due to agricultural emissions. China, in particular, uses the largest amount of nitrogen fertilizers in the world (Lu and Tian, 2017), as corroborated by the correspondingly high concentrations of ammonia detected. In spite of the smaller emissions indicated by the EDGAR data, the results from the GOSAT show high values in CAS. In this area, the application of nitrogen 30 fertilizers for cotton production has increased, in addition to the number of domesticated sheep (Huang et al., 2012) . High concentrations for this area were also noted for in situ observations (Li et al., 2012) and those reported by Van Damme et al. Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019-49 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 30 April 2019 c Author(s) 2019. CC BY 4.0 License.
(2014) using the IASI data and by Warner et al. (2016) using the AIRS data. Hence, the high values obtained from the GOSAT probably reflect these emissions. On the other hand, emissions from biomass burning dominate in SAM, CAF, SAF, and WRU as seen in GFED. Peak values were noted in CAF during MAM and in SAM and SAF during SON. The high values noted in JJA for WRU were a result of large-scale biomass burning that occurred during the disastrous heatwave in 2010. With the exception of CAF, the temporal variations in these areas agreed well with those obtained from the MODIS fire count product 5 (not shown). In CAF, temporal variations are not consistent with the MODIS product, as is discussed in Sect. 4. Both anthropogenic and biomass burning emissions are seen in SEA inventories. The peak was observed in MAM, although only a few observations were available for JJA owing to the high cloud occurrences.
Comparison of the GOSAT and IASI L2 product 10
Results from the GOSAT are compared with the IASI ammonia product. Similar to Figure Figure  15 8. As a whole, the values from the GOSAT tend to be larger than those from the IASI. The differences were especially large in several areas. The values from the GOSAT were much higher than those from the IASI in such as Western Africa and Southern India during JJA. On the other hand, they were smaller in the coastal area of central Africa during DJF, in Northern India during JJA, and in Eastern China during JJA. These differences are discussed in the next section.
The time series of the monthly averaged columnar ammonia concentrations, obtained from the GOSAT and IASI for the 20 six agricultural emission areas (CUS, EUR, CAS, IND, SEA, and ECH) outlined in Table 2 , are shown in Figure 9 . In IND, SEA, and ECH, the peak term was short (i.e., one or two months). On the other hand, in CUS, EUR, and CAS, the peak terms were relatively long, about three or four months. The temporal variation patterns in the values obtained from the GOSAT and IASI were similar, although some differences in the magnitude were noted as per the results shown in Figure 8 . In the CUS, the values from the GOSAT and IASI were in good agreement. With the exception of 2010, the GOSAT estimated higher 25 values in the peak season over EUR. A similar trend was noted for both CAS and SEA. The differences were especially large for CAS. Although the peak values were not so different for IND and ECH, the GOSAT values in the bottoms were higher. Figure 10 is similar to Figure 9 , but for the biomass burning areas (SAM, CAF, SAF, and WRU). The variations of peak value between each year over SAM were larger than those over the other areas. In contrast, the peak values in SAF were very similar across the years. This should be reflected in the difference in scale of biomass burning among the years. For example, only the 30 value of August 2010 for WRU was quite large, which is attributed to the large-scale wildfires that occurred during this period.
The consistency between the results from the GOSAT and IASI in these areas is higher than that observed in Figure 9 . However, the largest difference was observed over CAF. Although the IASI shows peaks around March, the peak for the GOSAT appeared in summer and the values from March were much smaller than those from the IASI. One of the causes for these high summer values from the GOSAT is probably dust aerosol contamination, as discussed in Sect. 4.
The monthly mean 2.5° × 2.5° grid scatter plots between the GOSAT and IASI in the agricultural and biomass burning source areas are shown in Figure 11 and Figure 12 , respectively. The slopes tend to be lower than 1, which is due to the GOSAT values being higher at lower concentrations, as seen in the previous figures. The correlation coefficients for IND 5 (0.79) and SEA (0.77) were relatively high. On the other hand, they were relatively low for CUS, EUR, and ECH, where vast application of nitrogen fertilizers has been reported (Potter et al., 2010; Lu and Tian, 2017) . Despite some biases, the slopes for both CAS and SAF were close to 1. In the biomass burning areas, the correlation coefficients were similar.
Discussion 10
The comparison between the GOSAT and IASI product results showed a similarity in the spatial and temporal distributions.
However, some differences larger than the level of estimated errors shown in Figure 4 were also found as noted in the previous section. The possible main causes generating differences are (1) scan geometry, (2) local time of observation, (3) spectral resolution, (4) signal to noise ratio, (5) assumed ammonia profile, and (6) cloud/aerosol screening. In the previous section, the differences between the values from the GOSAT and IASI were relatively large above agricultural areas, as shown in Figure  15 8, Figure 9 , and Figure 11 . The temporal gap of (2) is probably to incur the most significant differences in the measured values because the anthropogenic ammonia emissions should be temporally variable. There is about 3.5 h gap between the GOSAT and IASI observations. Several studies have investigated the diurnal variations in atmospheric ammonia concentrations near the surface. According to these studies, the variations are especially large over agricultural areas during the summer season, with patterns differing for each location (e.g., Erisman et al., 2001 , Meng et al., 2011 , Sharma et al., 2014 , Wang et al., 2015 . 20
These reports estimated that the variations fluctuate along with the temporal variations in human activities, such as fertilization and traffic. Therefore, one of the largest causes for the differences between the GOSAT and IASI in agricultural areas, such as India and China, is likely the temporal variation. The other possible cause is (5) in these areas. In this study, the ammonia profile shape is assumed to be that of the AFGL profiles. However, the vertical gradient of the concentration can be much larger in source regions. The GOSAT retrieval has a sensitivity in the middle troposphere as mentioned in Sect. 2, and therefore 25 the scaled profile from the GOSAT retrieval likely underestimates the concentrations near the surface in these situations. On the other hand, the IASI retrieval uses the a priori profiles from the model calculations and the vertical gradient is more realistic.
As a result, the column integrated values from the GOSAT are lower in agricultural source areas, such as CUS, IND, and ECH where the lower values from GOSAT are seen in Figure 8 during the peak season. Over smaller and more scattered agricultural areas as compared to hotspots, such as those noted for EUR, (1) likely also contributes to the differences noted in Figure 9 . 30
In addition, the sensitivity of the TIR measurements changes diurnally because of the diurnal thermal contrast between surface skin and air. In many cases, the surface temperature at the GOSAT measurement time is higher than that at the IASI (2010) compared ammonia retrievals using both the IASI and the TES, which have observation times close to that of the GOSAT and a higher spectral resolution than that of the IASI. They reported that the thermal contrast was larger, the spectral resolution was higher, and the sensitivity to the lower level was higher. Therefore, the GOSAT should be more sensitive to the lower atmospheric levels where, in many cases, the concentration of ammonia is generally higher than that in the high levels 5
as compared to the IASI. Therefore, it is likely that this effect is dominant for the low concentrations as seen in Figure 11 and In Figure 8 and Figure 10 , the largest differences were observed over CAF. The time series from the GOSAT has two peaks around March and July. The peaks in March are consistent with those observed by Whitburn et al. (2015) , who reported that these peaks, observed from the IASI product, were related to biomass burning at the end of the boreal winter in this area. 10
Part of those peaks observed in July from the GOSAT, particularly the high values in Northwestern Africa during JJA ( Figure   8 ), are probably influenced by dust aerosols. The presence of dust can lead to the overestimation of ammonia because of the wavenumber dependence of its absorption properties. Figure 13 shows an example of the observed spectra contaminated by dust aerosols over Saharan desert. The residual shows some similarity of wavenumber dependencies of ammonia signals on the spectra. Since it is very hard to detect dust aerosols over desert surfaces using only a visible imager, in this study, the dusty 15 scenes were eliminated by the CO2 slicing technique that uses the TIR region in addition to CAI cloud screening. If CO2 slicing is not used for the screening, high apparent ammonia concentrations are calculated over the Saharan desert in JJA, where no emission sources are present, as a result of the frequent dust storms that occur in this region. However, the dusty scenes are not completely eliminated by this technique. Therefore, the high concentrations observed over Western Sahara during JJA ( Figure 3) probably reflect a degree of dust contamination. On the other hand, the high values obtained by the GOSAT over 20 CAF in the boreal spring and summer may not only result from dust contamination. The seasonal variations observed by AIRS and reported by Warner et al. (2016) showed similarly high concentrations in central Africa during MAM and JJA. This area is characterized by a number of distributed surface types whose temporal patterns of ammonia concentrations are different for each. Figure 14 Columnar ammonia concentrations were retrieved using the thermal infrared spectra obtained from the GOSAT for a period of approximately five years. The optimal estimation, which iteratively decreases the difference between the calculated and the observed spectra, was used for analysis. Temperature and water vapor profiles were also retrieved sequentially in order to reduce retrieval errors. The gridded horizontal distributions of atmospheric columnar ammonia concentrations for each 5 season (DJF, MAM, JJA, and SON) were shown. Significantly high concentrations were noted in central US, South America, Europe, Central Africa, South Africa, Western Russia, Central Asia, India, Southeast Asia, and Eastern China. These distributions are similar to those previously reported using the other sounders. The areas categorized as anthropogenic and biomass burning emission source regions, based on inventories and characteristics, were investigated. The hotspots noted in the data were consistent with those from the inventories. However, high values were detected in Central Asia in spite of the 10 lower inventoried emissions. These high values likely resulted from the application of fertilizers for cotton production, as reported by in situ observations. The regional time series of the concentrations in those areas clearly detect the high and low seasons. A comparison with the IASI ammonia product showed a good agreement horizontally and temporally, although there were some differences in the details. The values obtained from the GOSAT data tend to be large relative to the background level of concentrations in the spring and summer. Differences are especially large in areas and during seasons with heavy 15 fertilizer application. It seems that the largest causes of these differences are the temporal gaps in the observations due to diurnal variations in ammonia emissions and the thermal contrast between surface skin and air. In the biomass burning emission areas, the consistency is relatively high. The largest differences were noted in Central Africa. These differences may stem from dust contamination and the variation in seasonal patterns over various surface types.
In a recent paper, it was reported that the use of nitrogen fertilizers has been increasing (Lu and Tian, 2017) and that this 20 trend will continue with the growth of the human population. Hence, it is urgent to continue monitoring global atmospheric ammonia in order to understand its influence on the environment. The same analysis will be applicable to data from GOSAT-2, which was launched in October 2018. This will lead to the construction of a long-term ammonia database. In addition, GOSAT-2 will be able to observe CO2, CH4, and CO simultaneously with ammonia. This combination of observed products is useful for better understanding the role of specific phenomena, such as biomass burning and agricultural activities. 25 indicates that the GOSAT data is higher than that from the IASI. 
